The three-dimensional (3D) optical fields that arise from the focusing of cylindrical vector beams (CVB) with radial and azimuthal polarizations provide new sources of contrast for optical microscopy of nano-objects. So far, these demonstrations have been restricted to two-dimensional transversal scanning, i.e., along the focal plane of interest, or use of point-like objects, i.e., single molecules and nanoparticles. Here, we demonstrate the first application of CVBs for 3D imaging of 3D nano-objects. This technique is done by acquiring 3D image scans of the second-harmonic generation signal from vertically-aligned semiconductor nanowires, whose second-order response is primarily driven by the longitudinal electric field, i.e., the field component along the nanowire axis. Our technique provides a new way to study individual nano-objects in three dimensions through the unique combination of nonlinear microscopy and CVBs.
Introduction
Cylindrical vector beams (CVB), e.g., radially-and azimuthally-polarized beams, and their applications in optical microscopy are subjects of growing interest [1] [2] [3] . This is mainly due to the unique properties of CVBs when strongly focused by a microscope objective [4] [5] [6] [7] [8] . For example, the focusing of a radially-polarized beam creates a unique three-dimensional (3D) focal-field distribution that exhibits radially-polarized transversal electric components at the focal plane and non-negligible longitudinal components along the axis of beam propagation. In contrast, the focusing of an azimuthally-polarized beam creates a focal-field distribution that exhibits purely azimuthally-polarized transversal electric fields at the focal plane. For years, the complementary focusing properties of CVBs have been used to increase the contrast and sensitivity of linear [9] [10] [11] [12] [13] [14] and nonlinear [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] microscopy techniques. So far, the previous microscopy demonstrations have been restricted to two-dimensional (2D) image scanning, i.e., along the focal plane of interest, or the use of point-like objects, i.e., single molecules and nanoparticles. In this work, we demonstrate the first use of CVBs for 3D nonlinear imaging of 3D nanostructures.
Materials and methods
Our technique is based on a point-scanning second-harmonic generation (SHG) microscope [ Fig. 1(a) ]. Previously, we have used this microscopy configuration to study the nonlinear response of individual metal [15, [18] [19] [20] and semiconductor nano-objects [21, 22] . A femtosecond laser (1060 nm, 140 or 200 fs, 80 MHz) is used as the excitation source. The output of this laser is polarization-and spatially-cleaned and then directed to the microscope objective (numerical aperture (NA) of 0.8). The SHG signals from the samples are collected by the same objective. The signals are directed to a photomultiplier tube that is equipped with appropriate optical filters. To create a scanning image, the sample is mounted on a computercontrolled 3D piezo-scanning system. The samples are scanned at different focal plane positions and orientations, e.g., at xy transversal planes or longitudinal planes where one of the acquisition directions is set along the z-axis. A pixel dwell time of 100 or 50 ms is used. A half-wave plate is used to create the desired linear polarization orientation. A polarization mode converter (Arcoptix S.A.) and a spatial filter are used to create radial and azimuthal CVBs. For comparison, the same regions of interest in the sample are imaged. To prevent sample damage during the nonlinear experiments, an average input power of 1 mW is used. For image plotting, Matlab and ImageJ were used. Two different semiconductor nanowire samples consisting of pristine vertically-aligned GaAs nanowires on GaAs substrates are investigated in our 3D imaging demonstrations. We previously found that the SHG signals from these vertically-oriented nanowires are primarily driven by the longitudinal electric fields at the beam focus [21, 22] . For the first application, we used GaAs nanowires that were randomly grown [similar to Fig. 1(b) ]. As shown, the resulting samples contain nanowires with varying lengths and orientations with respect to the substrate normal. Based on previous structural investigations, the nanowires exhibit a length of 10 μm and a diameter of 40 nm. The details of the nanowire fabrication and related structural characterization are found in our previous work [21] . For the second application, we used GaAs nanowires that are periodically arranged and strictly vertically oriented [similar to Fig. 1(c) ]. According to previous investigations, the nanowires exhibit a length of 1 μm, and a diameter of 40 nm. The details of the nanowire fabrication and structural characterization are similar to the samples used in our previous study [22] .
Results and discussion
First, we demonstrate the optical sectioning capability of the SHG microscopy technique with CVBs using the nanowire samples in Fig. 1(b) . Shown in Fig. 2(a) are the depth-resolved SHG intensity maps acquired from the long nanowire samples using linearly-, radially-, and azimuthally-polarized beams. Here, the (air-GaAs substrate) interface is located at z = 0 plane. In this 3D microscopy data, the advantages of CVBs for imaging nano-objects in three dimensions are obvious. For comparison, we also show the predicted intensity patterns of the longitudinal electric fields (E z ) at the beam focus for different polarizations using the Debye method [ Fig. 2 
We first acquired the SHG images of these nanowires using linear polarizations [ Fig. 2 (a) (1st and 2nd rows from top)]. The SHG intensity maps of the vertically-aligned nanowires exhibit two-lobed patterns that rotate with the orientation of the linearly-polarized input [21, 22] . These patterns are similar to the spatial distribution of the longitudinal electric fields of the excitation beams [ Fig. 2(b) ]. The additional strong SHG signals arise from wires that are almost horizontal and aligned close to the incident polarization. Fig. 2(b) ]. The signals from the vertically-aligned nanowires are also generally greater than the signals acquired with the linearly-polarized beams confirming efficient excitation of these nanowires with radial polarization. These results are consistent with previous works on these nanowires [21, 22] . We assign variations in the SHG intensities to possible variations in the lengths of the nanowires.
For azimuthally-polarized excitation, the SHG intensities from the same vertically-aligned nanowires remain very small [Fig. 2 (bottom row) ] due to the absence of a longitudinal electric field at the focus for this case [Fig. 2(b) ]. We assign the residual SHG signals from the asymmetric excitation of nanowires that have tilted or near-horizontal orientations and excited by the purely transversal electric fields of the impinging excitation beam. Due to the rotational symmetry of the azimuthally-polarized focus, we see double images of the tilted nanowires as expected [1] [2] [3] . Interestingly, the use of an azimuthally-polarized beam revealed that the fabrication process indeed resulted in some nanowires with different tilted orientations. This imaging capability significantly reduces the number of sequential measurements that are traditionally done with linearly-polarized beams [ Fig. 2 (a) (1st and 2nd rows from top)]. Finally, the SHG intensity patterns of the tilted nanowires revealed periodic intensity variations along the long axis of some nanowires using azimuthally and linearlypolarized beams [marked by arrows in Fig. 2(a) ]. The origin of these variations are unknown at this time but could be due to the diameter-dependent optical modes that propagate along the nanowire [25] . In the future, it would be interesting to study these effects in individual nanowires in three dimensions using this imaging technique. Using the radially-polarized beam, we again acquired the SHG image of the same vertically-aligned nanowires (in a different region). As expected, the SHG intensity maps of the nanowires exhibit varied point-spread-like intensity distributions when viewed in the transversal plane [ Fig. 3(a) ]. Most importantly, a single longitudinal, i.e. zy, SHG scan at a fixed transverse position (in x) clearly reveals several needle-like intensity distributions of varying spatial extent along the z-axis [ Fig. 3(b) ]. We can associate these intensity distributions to nanowires of different lengths. In addition, any deviations from the resulting needle-like intensity distributions in the longitudinal scans could possibly indicate the presence of defects in the nanowires (e.g., twinning defects, voids, contaminants). We note that such features are obscured in a single transversal scan even with a radially-polarized beam [ Fig. 3(a) ]. The location of the air-GaAs interface was determined by taking the zdependent SHG signal from the substrate, i.e., from regions in the samples without nanowires. Overall, these results further attest the potential of 3D nonlinear microscopy with CVBs.
Finally, we note that our previous imaging demonstrations ( Figs. 2 and 3 ) are still possibly plagued by crosstalk among the nanowires thereby preventing one to study in detail an individual nanowire. To circumvent this issue, we further demonstrate the 3D imaging capability of CVBs using well-separated and vertically-oriented nanowires [ Fig. 1(c) ]. The transversal scanning planes reveal the presence of four nanowires in the region of interest which are only excited by the longitudinal electric fields of a radially-polarized beam [Figs. 4(a) and 4(b)]. We next focus on one of the nanowires (e.g., wire on the left) and perform a longitudinal scan at a fixed position in the x-axis. The longitudinal scans again reveal the needle-like intensity distribution of the nanowire with radially-polarized excitation. The line cuts further reveal that the nanowire under a radially-polarized beam exhibits a maximum SHG signal that is about 10 times the signal from that of the GaAs-air interface [ Fig. 4(c) ]. This is consistent with previous findings that SHG from GaAs nanowires is indeed more efficient than from their bulk counterparts [21, 22, 26, 27] . The line cut from the nanowire under a radially-polarized beam also reveals a maximum that is around 1 μm from the peak of the line cuts derived from the substrate using both CVBs. The position of this peak indicates the optimal positions along the z-axis where a nanowire can be efficiently excited. A slight asymmetry is also seen in the line cut derived from the nanowire. This is most likely from coupling between the signals from the nanowire and the nearby substrate. This method can therefore be useful in investigating the effects of surface passivation on the nonlinear emission of such nanostructures. Such imaging experiments could be very tedious to do in individual nano-objects using traditional optical microscopy techniques. We acknowledge that the CVBs combined with the 3D nonlinear imaging technique can unambiguously recognize vertically-aligned semiconductor nanowires. So far, we do not yet have the capability to determine the 3D tilt or orientation of these semiconductor nanowires in space. This can be done by studying the SHG from semiconductor nanowires with known 3D tilts. Perhaps, what is even important in the future is the 3D noninvasive all-optical detection of the growth orientation and crystal structure (e.g., zinc-blende or wurtzite) of these semiconductor nanowires. Although SHG imaging with linear polarizations was used recently to identify the crystal orientation of GaAs nanowires [27] , the crystal structure detection of vertically-aligned nanowires using SHG imaging with CVBs remains unexplored.
Conclusions
We have demonstrated the first use of radially-and azimuthally-polarized beams for 3D imaging of real nano-objects. The technique is based on 3D acquisition of SHG signals from vertically-aligned semiconductor nanowires, whose second-order response is primarily driven by the field component along the nanowire axis. The technique is opening new ways to investigate individual nano-objects in three dimensions through the unique combination of nonlinear microscopy and CVBs.
